Abstract-Shape memory polymer (SMP) foam possesses structural and mechanical characteristics that make them very promising as an alternative treatment for intracranial aneurysms. Our SMP foams have low densities, with porosities as high as 98.8%; favorable for catheter delivery and aneurysm filling, but unfavorable for attenuating X-rays. This lack of contrast impedes the progression of this material becoming a viable medical device. This paper reports on increasing radioopacity by incorporating a high-Z element, tungsten particulate filler to attenuate X-rays, while conserving similar physical properties of the original non-opacified SMP foams. The minimal amount of tungsten for visibility was determined and subsequently incorporated into SMP foams, which were then fabricated into samples of increasing thicknesses. These samples were imaged through a pig's skull to demonstrate radio-opacity in situ. Quantification of the increase in image contrast was performed via image processing methods and standard curves were made for varying concentrations of tungsten doped solid and foam SMP. 4% by volume loading of tungsten incorporated into our SMP foams has proven to be an effective method for improving radio-opacity of this material while maintaining the mechanical, physical and chemical properties of the original formulation.
INTRODUCTION
Cerebral aneurysms are localized dilations of an artery wall in the vasculature of the brain, are unstable in structure due to thinning of the arterial wall, and are thus prone to rupture. 28 Aneurysm rupture into the subarachnoid space occurs in approximately 10 per 100,000 people in the United States annually, 9, 29 with the majority of people ending up dead or severely debilitated. 9 Approximately 3-5% of the general population is thought to have cerebral aneurysms. 9, 42 Due to the high mortality and morbidity associated with rupture, early and effective treatment of an intracranial aneurysm prior to rupture can increase a person's survival rate and quality of life. 9 The two most common FDA-approved treatments treating cerebral vascular aneurysms involve isolation of the weakened portion of vessel via surgical clipping 31 and endovascular embolization through the use of flexible platinum coils. Surgical clipping involves a craniotomy, an invasive surgery of the brain, which carries serious inherent risks to the patient. Furthermore, surgical clipping is not always possible due to an inaccessible location of the aneurysm within the brain or the patient being a high risk candidate for surgery due to age or associated medical conditions. As a result of these limitations on surgical clipping, endovascular treatment has become an increasingly attractive option. The coils are introduced to the aneurysm endovascularly via a microcatheter. This filling treatment involves isolation of the weakened area of artery from the rest of the vasculature, ideally resulting in the regrowth of the endothelium, the innermost layer of the artery over the entry point or ''neck'' of the aneurysm. Further, this endovascular treatment is not perfect in avoiding aneurysm rupture and subsequent hemorrhage, but they have been shown to be superior to clipping in both ruptured and unruptured aneurysms. 5, 21, 24, 31 While being the favored treatment for intracranial aneurysms, coils do have drawbacks, such as the possibility of coil compaction and subsequent formation of new side aneurysms adjacent to the original aneurysm, 20, 48 low packing volume (less than 50% of the total aneurysm volume 23, 25, 34 ) leading to recanalization or refilling, 18 migration of loose coils into the parent artery, 44 and although uncommon, potential puncture of the aneurysm dome during coil placement. 11 Additionally, coils are not very successful at treating aneurysms with neck diameters greater than 4 mm. 34 In these large neck aneurysms, approximately one-third of coil treated aneurysms either rebleed or recanalize. 12, 32, 36, 41 It has also been shown that endothelialization at the base of the aneurysm is limited due to low endothelial cell adhesion on the platinum surface. 26 Therefore, although coil treatment is the preferred filling method by interventionalists, there is still room for improvement in terms of the safety and efficacy of these devices.
The drawbacks of the commonly accepted treatments have spurred development of alternative aneurysm filling methods. Some of these technologies include treatment with multiple commercial devices, 22 hydrogel polymer, 18 collagen based coils, 26 hybrid metal and hydrogel coils, 1 shape memory polymer (SMP) coils 19 and polymer foams. 34, 39, 46, 47 Previously, it has been proposed by Hampikian et al., 19 that radiopaque SMP coils be used to fill aneurysms. This paper focuses on SMP foams as an aneurysm filling method. 10, 34, 40 In theory, the foam provides a scaffold for clotting in a large sub-volume of the aneurysm that may have advantages over coils. 3, 30 SMP foams are soft, compliant materials that have the ability to be fabricated into essentially any shape. This initial geometry can then be deformed by raising the temperature of the material above its transition temperature and applying a force. Continuing to apply force while cooling below its transition temperature programs the material into a secondary, temporary shape. The SMP foam would remain in its temporary shape until it is again heated above its transition temperature. For the purposes of aneurysm treatment, a foam of a given size and shape matching that of the aneurysm would be crimped onto a delivery device, directed into the aneurysm, and then deployed using either an external energy source or the body temperature of the patient.
These SMP foams are polyurethane based 45 and have favorable biocompatibility. 6 One drawback, however, is that these polymer foams have no inherent radio-opacity and are not visible using conventional patient imaging modalities (e.g., fluoroscopy). This limitation would reduce the likelihood of clinical use, as without the ability to visualize it, the material could not be delivered safely. 4 The first aim of this research was to address this lack of radio-opacity, and develop SMP foams that exhibited radio-opaque characteristics using standard imaging and superimposition of bony and soft tissue structures, with the intention of advancing the clinical application of this technology.
To increase the radio-opacity of our SMP foam, tungsten was added to the polymer matrix prior to curing. To minimize the change in the material properties, it was essential to use the smallest amount of tungsten possible that still provided adequate opacity. Mechanical, chemical and physical properties before and after the addition of contrast agent were compared to determine the affects of adding this opacifying agent to the SMP foam. The properties tested include tensile strength, and glass transition temperature. In addition to mechanical, chemical and physical properties, biocompatibility was also evaluated with a pilot study of one animal consisting of two vein pouch aneurysms with an implantation time of 90 days.
MATERIALS AND METHODS

Neat Shape Memory Polymer Sample Preparation: Determination of Minimal Amount of Contrast Agent
Necessary for Visibility Solid, otherwise known as neat SMP material, was used to determine the minimum amount of contrast necessary to create a visible change in fluoroscopic imaging of the SMP material. Fine tungsten powder, <1 lm in diameter based on manufacturer specifications (Alfa Asear, Ward Hill, MA), was added in varying concentrations to neat SMP, and the materials were then cut into samples of increasing thicknesses. These samples were placed on top of a porcine head used to mimic the density of a human skull, and were imaged fluoroscopically to determine the minimum material thickness and the lowest concentration necessary for the polymer to be visible.
Solid Polymer Fabrication
Neat network polyurethane SMP samples were fabricated based on a variation of a composition specified by Wilson et al. 45 in 2007, using stoichiometric ratios of polyol and diisocyanate monomers. Triethanolamine was added in a 2.0% excess (by mass). N,N,N¢,N¢-Tetrakis(2-hydroxypropyl)ethylenediamine (HPED, 98%) (TCI AmericaÓ, Portland, OR), triethanolamine (TEA ‡ 99.5%) (Sigma-Aldrich Co.Ó, St. Louis, MO) and hexamethylene diisocyanate (HDI, 98%) (TCI AmericaÓ, Portland, OR) were decanted in a precise basic controlled atmosphere glove box (LabConco CorporationÓ, Kansas City, Missouri) under a dry air atmosphere into glass jars and were subsequently sealed. The monomer-containing jars were then removed from the glove box and transferred to a vacuum oven, loosely opened for degassing, and degassed for 36 h at 45°C at 1 Torr. At the end of the degassing cycle, the monomer containers were re-sealed and transferred back to the glove box. The appropriate masses for 0.5, 1.0, 2.0 and 4.0% by volume of tungsten powder (<1 lm particle size, 99.95% purity) (Alpha Aesar Ò , Ward Hill, MA) were measured out and placed into 60 mL maximum volume mixing containers (FlackTek TM , Inc. Landrum, SC) which were then transferred to the glove box. The purge/fill cycle of the glove box was run for at least 5 cycles prior to transferring monomers into their respective containers.
The alcohol monomers, 0.4 mol of HPED and 0.19 mol of TEA, were added to the containers with the appropriate amount of tungsten, sealed tightly and then removed from the glove box. The 1.00 mol of HDI monomer, stored in a desiccator until use, was then added to the containers in the fume hood. After combining all of the monomers and tungsten, the containers were mixed for 2 min at 2400 rpm using the DAC 150 speed mixer (FlackTek TM , Inc. Landrum, SC). A volume of 3 mL of the mixture was transferred to 5 mL lurelock syringes. This volume was chosen such that the stoppers had ample room to move during degassing without separating from the syringe. The syringes, with a cap tightly secured on the tip, were put into a sonicator for 1.5 min. The exterior of the syringes were dried, the caps loosened, and then they were placed in a bell jar for 1.5 min under vacuum. The samples were removed from the bell jar, caps retightened, and the sonication step was repeated for 1.5 min. After sonication, the syringe caps were punctured with a needle and placed back into the bell jar for another 20 min under vacuum. The samples were initially held at room temperature for 2 h, and then the temperature was increased at a rate of 30°C/h 120°C was reached, at which point the temperature was held constant for 1 h prior to slow cooling to room temperature.
Solid Sample Preparation
Use of 5 mL syringes as casting molds resulted in 12.3 mm diameter cylinders of polymer doped with the varying amounts of tungsten (0.5, 1.0, 2.0 and 4.0%). These cylinders were then cut to thicknesses of 0. Multiple Samples Mounted in one Holder: Preliminary Imaging Samples of increasing thicknesses of 0.5, 1.0, 2.0 and 4.0% tungsten-doped SMP were mounted in and acrylic holder, one for each concentration, etched by a LS100 laser cutter (Gravograph Ò , Duluth, GA) to allow for ease of imaging in one frame (Fig. 1) .
Samples Mounted Separately: Quantitative Imaging
Neat samples of all concentrations and increasing thicknesses were individually mounted into acrylic holders that were laser etched by a LS100 laser cutter. Each acrylic sample holder was identified by radioopaque markers that indicated concentration and sample height (Fig. 2b) .
Determination of Minimal Polymer Loading by Fluoroscopic Imaging
The neat polymer samples with a pig (Fig. 1) were imaged at the Texas Institute for Preclinical Studies (TIPS) at Texas A&M University, using an AlluraXper FD20 (Philips Ò Healthcare, Andover, MA) fixed fluoroscope. Single image plane images were acquired at a rate of 3 frames per second, with an exposure of 22 mAs, using Allura Xper 7.2.1 software, with the voltage potential set to 70 kV. The source to detector, and source to sample distances were set to 1195 and 810 mm respectively for all samples. All samples were imaged using these power settings for the remaining imaging sessions of this paper. Each of the samples, mounted in their respective holder, was imaged to show the relative increase in contrast observed for each set of samples for each concentration.
Qualitative Radio-Opacity of SMP Foam Foam Preparation
Polyurethane SMP foam samples were prepared with the same monomers as the neat polymer samples, using HDI, HPED and TEA. These monomers were premixed forming an isocyanate prepolymer and stored in a desiccator for 42 h prior to being mixed with the alcohol premix, catalysts and surfactants. The isocyanate prepolymers were foamed by adding alcohol premix (TEA), catalysts and surfactants (DC-5179, DC-I990, T131, BL-22 (Air Products and Chemicals, Inc.
Ò , Allentown, PA)) and blowing agents (DI water and Enovate (Honeywell International Inc.
Ò , Morristown, NJ)), and then mixed by a DAC 150 speed mixer for 15 s at 3400 rpm. An overall NCO/OH ratio of 1.05 was used for foaming. The foams were cured at 90°C under vacuum for 12 h.
Both the SMP foam and tungsten-doped SMP foam were made in a similar manner. The 4% by volume tungsten foam was made by adding 28.978 g of tungsten to the isocyanate premix and mixed for 30 s in the DAC 150 speed mixer mixer at 3400 rpm. The alcohol premix was then added, and mixed for another 15 s at 3400 rpm. A volume of 3 mL of blowing agent (Enovate) was added to the mixture, and was allowed to vent while mixed for another 15 s at 3400 rpm. While the foam began to raise it was then allowed to sit at room temperature for 5 min prior to being placed in a 90°C preheated oven. To support the cell structure as it cured, a vacuum was gradually pulled. After 1 h, the temperature was allowed to gradually decrease to room temperature; however, the vacuum remained on while the foam cured overnight.
Foam Sample Preparation
Cylinders of foam, 12 mm in diameter, were cut using biopsy punches. Samples of 0 and 4% tungstendoped foams were cut to be eight times the sample height of the neat polymer samples, which resulted in cylinders with heights of 2, 4, 8, 12, 16, 20, 24, 28, 32, 36 , and 40 mm (Fig. 3a) .
Multiple Foam Samples Mounted in One Holder: Preliminary Imaging
Foam cylinders of increasing heights, made of both the 0 and 4% tungsten foams, were mounted in acrylic holders similar to the solid samples ( Fig. 3a) , that were laser etched by a LS100 laser cutter.
Foam Samples Mounted Separately: Quantitative Imaging
Samples of the same concentration and heights used in the preliminary imaging step were also individually mounted into acrylic holders that were laser etched by a LS100 laser cutter and individually identified by radio-opaque tags that indicated concentration and sample height (Fig. 2b) .
Qualitative Determination of Radio-Opacity of SMP Foams via Fluoroscopic Imaging
The samples of 0 and 4% tungsten foams that were mounted in their respective acrylic holder were imaged using via fluoroscope, using the same settings as before, both with a pig's skull thickness (Figs. 3b, 3c) and alone next to a radiographic standard (Figs. 3d-3f ).
Radio-Opacity of Crimped SMP Foams
Multiple diameters of biopsy punches, 6, 8, 10 and 12 mm, were used to make cylindrical tungsten-doped samples of foam. These samples were crimped radially, parallel to the central axis, to their minimum diameter with a ST150-42 stent crimper (Machine Solutions Inc.
Ò , Flagstaff, Arizona), at 100°C, and allowed to cool to room temperature for 2 h. Crimped samples were imaged through the crimped cylinder thickness using a fluoroscope, with a pig's skull and tissue, next to a microcatheter to observe their relative radioopacity (Figs. 4a-4b ).
Quantification of Image Contrast of Solid SMP and Foams
A stationary external acrylic mount was laser etched by a LS100 laser cutter to ensure proper positioning of the individually mounted samples while being imaged (Fig. 2a) . The individually mounted samples of solid SMP and foam were imaged using a fluoroscope by securing the external holder to the pig's head, and imaging each sample down the center of its cylindrical geometry, as seen in Fig. 2d , to quantify the increase in image contrast as material thickness increased. Additionally, images with the external holder secured to the head without a sample were obtained as the background images; the background image representing the contrast obtained from a pig's head (Fig. 2c) .
The original fluoroscopic images acquired were converted from Digital Imaging and Communications in Medicine (DICOM) to 8 bit Tagged Image File Format (TIFF) format and imported into Matlab processed using the Image Processing Toolbox. Each image, originally 512 9 512 pixels in dimension, with a resolution of 0.439 mm/pixel, including an averaged background image, were cropped to a 15 9 15 pixel, equivalent to 6.6 mm 9 6.6 mm image (Figs. 2c-2d)-a region well within the area (120 mm 2 for neat samples and 110 mm 2 for foam samples) of the sample portion within the image. Using the cropped images, the sample images were subtracted from the background image. The difference in contrast was determined for each pixel from the 15 9 15 pixel images.
Differential Scanning Calorimetry
Differential Scanning Calorimetry was performed on all samples using a Q200 (TA Instruments Ò , New Castle, DE), using a heat-cool-heat cycle (an initial ramp of 20°C/min up to 150°C, held isothermal for 2 min, then ramped down to 240°C at a rate of 20°C/min, held isothermal for 2 min, and then ramped back up to 150°C at a rate of 20°C/min) detailed by Wilson et al. 45 Six samples were run at each concentration for all neat SMP and foam concentrations.
Mechanical Testing
Stress/strain behavior of the 0 and 4% by volume tungsten-doped foams were determined via strain to failure experiments using an Insight 30 material tester (Materials Testing Solutions MTS Ò Systems Corporation, Eden Prairie, MN). Due to fabrication methods of our foams, sample size was limited to 60 mm 9 15 mm 9 6 mm. Following the ASTM D638-Standard Test Method for Tensile Properties, ten samples of each concentration were tested utilizing a speed for non-rigid samples at a constant strain rate of 50 mm/ min at room temperature. 2 
Scanning Electron Microscopy
Foam samples were dried in an oven preheated to 90°C for12 h under vacuum. SEM analysis was carried out on foam blocks of 5 mm 9 5 mm 9 5 mm in dimension. The foam samples were secured to the holder using double-sided carbon tape that were then sputter-coated with gold and palladium to increase the conductivity and to prevent charge build-up of the electrons absorbed by the specimen. The morphology of the foam samples were analyzed using a Quanta 600 field emission scanning electron microscope (FEI Ò , Hillsboro, Oregon).
Porcine Implants of 4% Tungsten-Doped Foams 4% tungsten-doped SMP block of foam was machined into two 12 mm spherical samples using a MDX-540 Roland 3D Mill (RolandÓ DGA Corporation, Irvine, California). These samples were cleaned and sterilized via ethylene oxide to prepare them for implantation. A porcine animal model previously reported by Guglielmi in 1994, 17 was utilized to simulate in vivo aneurysm conditions for histological evaluation and healing of 4% tungsten-doped SMP foam. This model is constructed by the use of a harvested vein segment, in which one end of the segment is sewn onto an opening created on the carotid artery, with the opposite end tied off at the apex to create a pouch. 17 These samples were implanted into the aneurysms located on both the left and right carotids. The implanted materials remained 90 days within the aneurysms prior to sacrifice.
Vessels were harvested, fixed via formalin, and both pathology and SEM were performed to analyze healing. Histology of the vessels included embedding of tissues in paraffin, and serial sectioning of the aneurysm domes. For microatomic histological evaluation, or presence of cells associated with inflammation, hematoxylin and eosin (H&E) was used to stain the tissues; this staining elucidates the nuclear structures by staining them blue, and all other eosinophilic structures pink or orange. Masson's trichrome and Phosphotungstic acid haematoxylin (PTAH) was used to evaluate connective tissues, such as fibrin and collagen. Trichrome dyes erythrocytes orange, cell cytoplasm red and collagen fibers blue. PTAH stains collagen fibers reddishpink and fibrin fibers blue. Three serial sections of the aneurysms were evaluated: proximal to the aneurysm orifice, middle aneurysm dome and apex of the dome. Overall healing for all areas was reported; magnifications evaluated were 3.5, 4, 10 and 209. The initial gross results demonstrated in Fig. 10b , and the morphology of the lesion were verified and evaluated by SEM imaging of the same area (Fig. 10c) .
This work was approved by and performed in accordance with guidelines of the Texas Institute for Preclinical Studies, and Texas A&M University's (Institutional Animal Use and Care Committee, IACUC), and that it adheres to the Guide in the Care and Use of Laboratory Animals established by the US National Academy of Sciences (or guidelines that insure equivalent or higher standards of care).
RESULTS
Determination of Minimal Tungsten Loading of Polymer via Fluoroscopy Imaging
Thicknesses of solid SMP samples mounted in acrylic holders were imaged fluoroscopically superimposed on a pig head to determine minimal percentage of tungsten loading that could be seen in thin samples (~1 mm). Neat polymer samples cut from all concentrations (0.5, 1.0, 2.0 and 4.0%) tungsten were imaged, as seen in Fig. 1 . This set of images indicated 4% tungsten samples were able to produce clearly defined regions of contrast, and poorly defined regions of increased contrast were observed by samples made from the lower concentrations. It was determined that 4% tungsten by volume loading would be sufficient for the doped foam samples for the remainder of the experiment.
Qualitative Determination of Radio-Opacity of SMP Foams via Fluoroscopic Imaging Expanded Foams
All of the 0% tungsten foams (Figs. 3b, 3d) were not visible when imaged via fluoroscopy, both superimposed with a pig's skull and alone, next to the radiographic standard. The 4% tungsten-doped aneurysm foams imaged (Figs. 3c, 3e) were visible at thicknesses greater than 8 mm when superimposed with a pig's skull. When imaged without being superimposed with a pig's skull, the 4% tungsten foams of all thicknesses greater than 2 mm were visible when imaged next to the radiographic standard. The image contrast obtained by 40 mm of 4% tungsten-doped foam was measured to be equivalent to 1 cm thickness of aluminum (Figs. 3e, 3f) .
Crimped Foams
Crimped 4% tungsten-doped SMP foams (6, 8, 10 and 12 mm original diameter) were made and imaged via fluoroscopy with a pig and next to a catheter and a radiographic standard (Figs. 4a-4b) . When imaged without the pig's skull thickness, the crimped samples (6, 8, 10 and 12 mm original diameter) exhibit contrast levels similar to aluminum between 2 and 4 cm thicknesses respectively, when compared to the radiographic standard (Fig. 4b) . The crimped foams were superimposed on the pig skull (Fig. 4a) , demonstrating visibility for devices with an original thickness of at least 6 mm and increasing visibility with increasing original diameter, or material thickness.
Quantification of Image Contrast of Solid SMP and Foams
Samples from 0.5, 1.0, 2.0 and 4.0% tungsten-doped neat polymer, 0 and 4% tungsten-doped SMP foam were imaged using fluoroscopy in the same position, positioned by the external stationary holder (Fig. 2a) secured to the top of a pig's skull as seen in Fig. 2d . Raw data was acquired in DICOM format, converted to TIFF format where each individual sample image was subtracted from a background image, and data was plotted as difference in contrast vs. polymer thickness, as seen in Fig. 5 for solid polymer samples, Fig. 6 for foam samples. Figure 5 quantifies the increased contrast obtained from the solid polymer samples superimposed on the pig's head. The observed increase in contrast obtained from all thicknesses of control SMP foams as seen in Fig. 3b is not visible to the human eye. As seen in Fig. 3c , foams greater than 8 mm show up on fluoroscopic images; indicating that increase in contrast obtained by these samples are visible to the eye. Figure 6 compares the percentage of increase in image contrast vs. sample thickness for 0 and 4% tungsten-doped foams.
Differential Scanning Calorimetry
The differential scanning calorimetry data for all materials observed in this study is summarized in Fig. 8 , where inflection point data for six samples per concentration is reported. The 0 and 4% tungsten foam samples had average glass transition temperatures of 83.4 and 83.4°C, high glass transition temperatures of 85.3 and 85.7°C and low glass transition temperatures of 81.1 and 82.2°C, respectively. Solid polymer samples exhibited an average glass transition of 62.5°C, and an overall range of glass transitions within 11.5°C for all samples measured (Fig. 8) .
Mechanical Testing
A summary of the mechanical results were tabulated in Table 1 . Breaking tensile strength increased in the 4% tungsten-doped foams when compared to the 0% tungsten foams. Breaking strain increased in the 4% doped tungsten foams when compared to the control (0% tungsten foams). On average, the doped foams exhibited an increase in Young's moduli; the 4% tungsten-doped foams exhibited a Young's modulus of 1670 ± 548, and the 0% tungsten, or control foams, exhibited a Young's modulus of 1170 ± 406. Figure 7 is a representative stress strain curve for 0 and 4% tungsten-doped foams. The elastic behavior of these materials is represented by the linear region exhibited at strains less than 5%. There was an average increase in the modulus by 43% of the 4% tungsten-doped foams compared to the control foams.
Scanning Electron Microscopy
Figures 8a-8c are Scanning Electron Microscopy (SEM) images of 0 and 4% SMP foams. Figure 9a is a 409 magnification SEM image of the control (0% tungsten) SMP foam showing pore cell diameters roughly around 600 lm. In Fig. 9b , 4% tungstendoped foam is shown at 409 magnification, and in this image, pore cells are shown to be heterogeneous, roughly ranging from 250 to 800 lm in diameter. parent vessel, SEM imaging was not performed on the left carotid aneurysm. The right carotid remained patent throughout the 90 days of implantation, and the aneurysm/artery interface was imaged via SEM at 1009 magnification at 15 kV. SEM imaging of the right carotid showed that there was complete covering of the exposed foam with endothelial cells aligned parallel to the arterial blood flow, the surface exhibited a lack of mural thrombi, and complete healing of the aneurysm lesion was observed. Macroscopically there is an evident presence of endothelial cells at the aneurysm and artery interface after 90 days (Fig. 10b) . Additionally in Fig. 10c , the endothelial cells were mature and aligned to blood flow.
Pathology
Both carotid aneurysms were evaluated via histology. The left and right aneurysms were both composed of 75% connective tissue, and had minimal lumen narrowing (<5%) with respect to the neointima proliferation. More than 95% of the inner core of the aneurysms had been infiltrated by dense cellular connective tissue with regards to the healing that took place at the anastomosis interface, central core, and outer distal edge of the aneurysm dome. Inflammation of the central core and outer edge was minimal for both of the aneurysms; having less than 5% of the regions infiltrated by inflammatory cells. Figure 10d is a hematoxylin and eosin stain (H&E) cross-section of bisected artery and aneurysm sac (49 magnification). The presence of blue stained nuclei helped determine the amount of multinucleated giant cells; an abundance of such cells indicates inflammation. However, as is shown in Fig. 10d , there are minimal amounts of multinucleated giant cells surrounding polymer struts, indicating a contained healing response within the dome of the aneurysm. For both aneurysms, less than 5% of the volume was filled with fibrin, and there was greater than 90% of collagen throughout the aneurysm (Fig. 10e) . Additionally, in Fig. 10e , is a Trichrome cross-section of bisected aneurysm sac (49 magnification). It is shown in Fig. 10e that significant healing has occurred within 90 days, represented by blue stained collagen throughout the dome of the aneurysm, and minimal presence of red blood cell residuals. Figure 10f is a Phosphotungstic acid-hematoxylin (PTAH) cross-section of bisected artery and aneurysm sac (3.59 magnification). It is shown in Fig. 10f that there is more than 90% deposition of collagen, and less than 5% residual fibrin throughout the dome of the aneurysm. Figures 10h and 10i are histological details of the amount of inflammation present around suture materials, polypropylene and silk respectively. There were multifocal areas of mild chronic inflammatory cells proximal to the areas of suture material (Figs. 10h,  10i) . These areas show a granulomatous inflammatory cell response to the suture materials represented by densely packed cells indicated by purple stained nuclei (Figs. 10h, 10i) . When comparing the 4% tungsten-doped foam (Fig. 10g) to the silk and polypropylene suture materials, there is significantly less inflammation around the implanted polymer material (Figs. 10h, 10i ).
DISCUSSION
The goal of this research was to determine the minimal amount of tungsten necessary to make SMP foam visible when imaged via standard clinical imaging methods. Creating cylindrical neat polymer samples doped with increasing concentrations (0.5, 1, 2 and 4% by volume) cut into samples of increasing thicknesses facilitated the plotting of a standard curve for each concentration to be made. Visibility of the 4% tungsten neat samples at 1 mm thickness demonstrated the feasibility of achieving clinically practical radio-opacity in the 4% tungsten-doped foams. This assumption was based on an expected 809 expansion ratio of neat polymer to foam, and the subsequent conclusion that approximately 1 mm thickness of tungsten doped neat polymer and 8 mm thickness of 4% tungsten-doped SMP foam contained relatively the same amount of tungsten. In previous research performed by Hampikian et al. 19 , 3% by volume doping of tantalum in SMP was successful at qualitatively creating visible X-ray contrast via fluoroscopy imaging at material thicknesses of down to 0.088 mm through water, which is consistent of our results. However, they did not perform imaging through bone and soft tissues, nor did they quantify the amount of contrast they achieved with 3% doping of their SMP. 19 In order to quantify the degree of contrast at different concentrations of tungsten for both neat and foam SMP samples, the difference in pixel intensity from the background image was calculated for each of the samples. It was observed that when a sample of sufficient thickness increased image contrast, or darkened the image, by approximately 8% (Weber contrast) for an 8-Bit image, they were visible through the skull and associated soft tissues. The 0% tungsten (control) SMP foam of all heights was determined to increase the contrast by approximately 5% (Weber contrast 43 ) over background in both the images taken with the skull thickness and when imaged alone, remained unidentifiable by visual inspection. By doping the SMP foam with 4% by volume of tungsten powder, it was determined that foam was visible at a thickness greater than 8 mm when superimposed with the skull and tissues, which was the case when there was an increase in the contrast by more than 8% by the sample (Weber contrast 43 ). Our proposed SMP aneurysm filling device consists of foam that would be crimped to its minimum diameter for delivery, and remain in this temporary state until it had been navigated into an aneurysm, at which point it would be actuated by heat to fill the sac. It was demonstrated that visibility of a crimped 4% tungsten-doped foam, original diameter of 6 mm (Fig. 4) was accomplished, and the increase in contrast observed by all of the crimped samples were approximately equal to 2-4 cm of aluminum when compared to the radio-opaque standard (Fig. 4b) . The crimped samples exhibited a 25, 30, 33 and 37% increase in contrast for 6, 8, 10 and 12 mm original diameter samples respectively (Figs. 4a, 4b) . Creating contrast by crimped foams of these diameters was a significant step toward clinical application, as the average size of berry aneurysms is approximately 8 mm in diameter, and the imaging used in this study was the same as would be employed in a clinical setting. Although the 4% tungsten doped 6 mm SMP foam was visible in the crimped state, the sample may not be visible when expanded in vivo. Clinically, this may not be an issue due to the similarities to the current clinical situation during endovascular treatment of aneurysms, in which the unsatisfactory or satisfactory nature of the embolization is defined by the presence or absence of filling of the aneurysm by blood (injected contrast dye), rather than by the appearance of the coils themselves.
An additional goal of this research was to determine if the addition of tungsten powder to the matrix of the polymer would greatly alter the transition temperature of our foams. For all the 24 neat polymer samples the average glass transition was 62.5 ± 3.9°C (Avg ± Std. Dev.). Among the 12 foam samples measured the average was 83.6°C, and the standard deviation was 1.3°C. The addition of particulate tungsten powder at a concentration of 4% by volume did not significantly alter the glass transition of the foam material, and therefore, acted as an inert filler material. These results coincide with the previously published study by Cui et al. 8 , in which they demonstrated that the addition of particulate BaSO 4 up to 40% by weight into polyurethane based SMP did not greatly affect the polymer matrix. Differential scanning calorimetry data showed that there was more variation of the glass transition temperatures among the neat polymer samples however; all samples in all concentrations and polymer forms were within approximately 10°C of each other, indicating that the tungsten filler had little effect on the polymer matrix during fabrication.
The mechanical properties of the ten samples tested of each 0% (control) and 4% tungsten-doped SMP foams are summarized in Table 1 . The addition of 4% tungsten to the SMP foam increased its breaking tensile strength, breaking strain, and Young's modulus by 67, 60, and 43%, respectively. Previously, it has been shown by Gibson and Goods that there is a relationship between increases in cell density and an increase in the modulus of foam material, 15, 16 which may have been the case with the 4% tungsten-doped foams in our study. It was observed that the 4% tungsten-doped foams exhibited greater cell density than the 0% tungsten non-doped foams. Additionally, in 2002 and 2004, Gall et al. 13, 14 have demonstrated that the addition of a filler into SMP can increase modulus, and strength. More specifically related to foam materials, Saha, 38 reported that the addition of nanoparticle filler materials to polyurethane foams increased the tensile strength and the modulus. Our material, also being based off of polyurethane chemistry, may be exhibiting similar mechanical behaviors.
Figures 9b and 9c are SEM images of the two concentrations of SMP foams tested. These figures are examples of the cell structures in both concentrations. From the SEM images, it is evident that the cell size and cell density of 0 and 4% tungsten-doped SMP foams are different. The 4% tungsten foam sample exhibited a higher cell density and appeared to be more heterogeneous in pore cell size, including smaller pore cell sizes than that of 0% tungsten SMP foams, which suggests that the <1 lm dispersed tungsten particles act as heterogeneous nucleation sites during cell formation. 7, 33, 38 Figure 9c shows the tungsten particles dispersed into the matrix of the polymer. These particles are potentially acting as points of stabilization throughout the material, thereby increasing the toughness of the foam, which is also exhibited by the mechanical testing (Fig. 7) . Heterogeneity was seen in the tungsten-doped foams by the increased range in pore cell sizes exhibited in the SEM images.
Pathological results show that there was minimal inflammation (<5% fibrin deposition and less than 5% inflammatory cell infiltration) within the aneurysm dome. These results are all indicative that the tungstendoped SMP is a biocompatible filling material for the treatment of aneurysms.
Relative to the addition of tungsten to the SMP, the risk of tungsten toxicity for tungsten coils has been addressed. Peuster et al. 35 showed that slow degradation of tungsten coils emit small amounts (29 lg/day) of tungsten in the vasculature and is not toxic in vitro which has been validated clinically by the lack of toxicity to tungsten coils in patients. Note that we use much less tungsten in our foams (0.2 g for typical 8 mm foam sphere) than the average coils used by Kampmann et al. 27 and Saatci et al. 37 (12 g per coil, for a 0.25 mm DIA and 12.5 mm length of mechanically detachable spiral tungsten coils (MDSs)) and an average of 5 coils inserted per aneurysm. In Fig. 10g , a 209 magnification detail of the aneurysm dome, it is shown that the tungsten particulate is encapsulated within SMP, preventing it from leaching out at a fast rate in vivo. If leaching is present, it should be at such a slow rate that it would not be toxic to the patient, given that the material has remained intact for a time frame of 90 days in vivo. This previous research performed by Peuster et al. 35 and this research support tungstendoped polyurethane based SMP foams as a viable alternative filling material for treating intracranial aneurysms.
This research sought to accomplish multiple goals in the process of the development of a SMP foam aneurysm filling device. The first requirement addressed was the opacification of the SMP foam which would allow for visualization during endovascular treatments using standard imaging (fluoroscopy) while being superimposed with bony and soft tissue structures (imaging through a pig head), and we have demonstrated this. The second requirement addressed was that the mechanical properties of the opacified foam be similar, or better when compared to the original formulation of SMP foam. This second requirement was met when the foam was doped with 4% by volume tungsten particulate. The tungsten-doped foam not only maintained its integrity, but also exhibited an increase in its modulus based on the results of the stress to failure mechanical testing. The third requirement addressed related to the chemical properties of the material, which required that the addition of tungsten particulate not significantly change the transition temperature, for this material the glass transition temperature. The tight grouping of glass transition temperatures exhibited by the 0% (control) and 4% tungsten foams supports the success of this goal. The fourth requirement was that the 4% tungsten-doped SMP materials should not have a significantly higher inflammatory response in vivo when compared to FDA approved materials. This fourth requirement was met by the almost complete healing of the aneurysm site after 90 days, and the lack of inflammation when compared to the suture material. These results provide a significant advancement for these materials to be developed into aneurysms filling devices for clinical use. Further study is warranted; including more thorough biocompatibility tests of the 4% tungsten-doped SMP material in vivo and eventually clinical trials. This research serves as a foundation to support these future endeavors.
